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ABSTRACT 

The scope of t h i s  s tudy covers t h e  op t imiza t ion  of m a t e r i a l s  and 
s t r u c t u r e s  of c e l l u l a r  aluminum with r e s p e c t  t o  a p p l i c a t i o n s  r e q u i r i n g  
c o n t r o l l e d  d i s s i p a t i o n  of k i n e t i c  energy. A design of a l i n e a r  energy 
d i s s i p a t i o n  system i s  suggested,  and i t s  e f f e c t i v e  ope ra t ion  demonstrated. 
Conclusions a r e  presented r e l a t i v e  t o  the  e f f e c t  of m a t e r i a l  p r o p e r t i e s  
on energy d i s s i p a t i o n  c h a r a c t e r i s t i c s .  
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INTRODUCTION 

This  r e p o r t  covers t he  second phase of a two-year i n v e s t i g a t i o n  
of t h e  energy d i s s i p a t i o n  c h a r a c t e r i s t i c s  of c e l l u l a r  aluminum a l l o y s .  
I n  t h e  f i r s t  phase,* t h e  compressive p r o p e r t i e s  of c a s t  c e l l u l a r  alum- 
inum a l l o y  c y l i n d e r s  were s t u d i e d .  The p r i n c i p a l  c r i t e r i o n  f o r  m a t e r i a l  
e v a l u a t i o n  was h igh  energy abso rp t ion  a t  uniform l e v e l s  of loading 
through s u b s t a n t i a l l y  complete d e s t r u c t i o n  of the m a t e r i a l .  The e f f e c t s  
of a l l o y  composition, c e l l  s t r u c t u r e ,  h e a t  t r ea tmen t ,  and length/diameter  
(L/D) r a t i o  were s t u d i e d .  The most promising material w a s  a c a s t  7075 
aluminum a l l o y ,  h e a t  t r e a t e d  t o  high hardness l e v e l s .  

The purpose of t h i s  a d d i t i o n a l  work was t o  optimize the  m a t e r i a l s  
and s t r u c t u r e s  s o  t h a t :  (1) energy d i s s i p a t i o n  pe r  u n i t  weight of ma- 
t e r i a l  i s  inc reased ;  (2) t h e  tendency of t he  material  t o  f a i l  through 
c a t a s t r o p h i c  s h e a r  i s  e l i m i n a t e d ;  and (3) s u b s t a n t i a l l y  complete de- 
formation of t h e  m a t e r i a l  (70 percent  compression) i s  accomplished wi th  
minimum load bui ld-up.  
of t h e s e  m a t e r i a l s  under cond i t ions  of nonaxfal l oad ing ,  should the de- 
s i g n  of a s p e c i f i c  system r e q u i r e  such loading.  

I n  a d d i t i o n ,  d a t a  were needed on t h e  behavior  

A f u r t h e r  o b j e c t i v e  of t h i s  phase w a s  t o  broaden the  range of ap -  
p a r e n t  d e n s i t y  t h a t  could be achieved wi th  the process  i n  o r d e r  t o  pro- 
v i d e  g r e a t e r  freedom of design i n  p r a c t i c a l  a p p l i c a t i o n s  f o r  the ma- 
t e r i a l s .  
d e n s i t y  between 0.85 and 0.95 g/cc w i t h  a uniform c e l l  s t r u c t u r e .  It 
w a s  considered d e s i r a b l e  t o  r e t a i n  the uniform c e l l  s t r u c t u r e  and, a t  
t h e  same t i m e ,  lower the apparent  dens i ty  of t he  material .  
p o s s i b l e  methods f o r  achieving lower d e n s i t y  were suggested during t h e  
e a r l i e r  i n v e s t i g a t i o n .  
s a t i s f a c t o r y .  The p resen t  approach t o  this problem i s m e w h a t  d i f f e r e n t  
t h a n  those t r i e d  e a r l i e r .  The method i s  d e t a i l e d  i n  t h i s  r e p o r t .  

The m a t e r i a l  prepared during the e a r l i e r  s tudy  had an apparent  

S e v e r a l  

However, none of t hese  w a s  found t o  be e n t i r e l y  

METHODS OF PREPARATION OF MATERIAL 

Cast ing P r a c t i c e  

One of the c h a r a c t e r i s t i c s  of t h e  method employed f o r  p r e p a r a t i o n  
of t h e  c e l l u l a r  m a t e r i a l  i s  t h a t  the s o l i d i f i c a t i o n  r a t e  of t h e  a l l o y  
i s  n e c e s s a r i l y  slow. I n f i l t r a t i o n  i s  accomplished wi th  the  aggregate  
temperature  s l i g h t l y  above the  melt ing po in t  of t he  a l l o y .  It was 
thought t h a t t h e r e  might be some improvement i n  m a t e r i a l  p r o p e r t i e s  i f  

*S. Lipson,  " C e l l u l a r  Aluminum f o r  Use i n  Energy D i s s i p a t i o n  Svstems ," 
Frankford Arsenal  Report R-1716 (NASA Contractor  Report CR-93,, Sep 6 4 ) ,  
A p r i l  1964. 
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t he  s o l i d i f i c a t i o n  ra. te could 'ne a c c e l e r a t e d .  This appeared t o  b e  
e s p e c i a l l y  important because t h e  nos t promising aluminum a l l o y s  f o r  t he  
energy d i s s i p a t i o n  a F p l i c a t i o n s  were those of the 7000 s e r i e s .  These 
a r e  h igh ly  a l loyed  m a t e r i a l s  (Al-Zn-Mg-Cu) which normally r e q u i r e  ex- 
t e n s i v e  working and h e a t  t reatment  i n  o rde r  t o  r e a l i z e  t h e  optimum 
combination of mechanical p r o p e r t i e s  

The slow s o l i d i f i c a t i o n  r a t e  i n h e r e n t  i n  the  c e l l u l a r  metal 
process tends t o  r e s u l t  i n  a coarse  s t r u c t u r e .  The coa r se  s t r u c t u r e  
i s  d i f f i c u l t  t o  s o l u t i o n i z e  e f f e c t i v e l y ,  e s p e c i a l l y  s i n c e  no mechanical 
working can be employed between c a s t i n g  and h e a t  t r ea tmen t .  It w a s  
hoped t h a t  i f  s o l i d i f i c a t i o n  r a t e s  were inc reased ,  t he  r e s u l t i n g  r e -  
finement of the s t r u c t u r e  would improve the  e f f e c t i v e n e s s  of t he  h e a t  
t r ea tmen t .  E f f o r t s  t o  refizle t h e  s t r u c t u r e ,  however, were not suc- 
c e s s f u l .  It was t h e r e f o r e  decided t h a t  the m a t e r i a l  processed f o r  use 
i n  t h i s  i n v e s t i g a t i o n  would be handled i n  the same manner a s  f o r  t he  
e a r l i e r  s tudy.  

Density Control 

The e a r l i e r  s tudy reviewed, i n  some d e t a i l ,  a number of p o t e n t i a l  
methods for  dec reas ing  the  apparent  d e n s i t y  of the c e l l u l a r  me ta l .  
The only e f f e c t i v e  method found f o r  reducing t h e  apparent  d e n s i t y  of 
t he  m a t e r i a l ,  however, was one which introduced s a l t  p a r t i c l e s  sma l l  
enough t o  f i t  i n t o  the i n t e r s t i c e s  of the l a r g e r  s a l t  p a r t i c l e s  i n  the  
aggregate .  This  r e s u l t e d  i n  a n e t a l  s t r u c t u r e  of nonuniform c e l l  s i z e .  
Subsequent tes ts  of t h e s e  s t r u c t u r e s  revealed t h a t  t h e s e  s t r u c t u r e s  
were undes i r ab le  because of t h e i r  deformation c h a r a c t e r i s t i c s  and the 
f a c t  t h a t  i t  was important t o  r e t a i n  the uniform cel l .  s i z e  d i s t r i b u t i o n  
i n  the  c e l l u l a r  s t r u c t a r e .  

B r i e f l y  reviewing the  f a c t o r s  which a f f e c t  the d e n s i t y  of t h e  
c e l l u l a r  s t r u c t u r e s ,  t he  t a p  d e n s i t y  achleved i n  f i l l i n g  the  mold 
wi th  the g ranu la r  aggregate  i s  the  primary f a c t o r  a f f e c t i n g  the  a p -  
parent  dens i ty  of t he  c e l l u l a r  metal  which i s  c a s t  i n t o  the aggrega te .  
The higher  t h e  t a p  d e n s i t y  of the aggrega te ,  t he  lower w i l l  be the  ap-  
parent  dens i ty  of t he  metal  s t r u c t u r e .  

It wa.s found t h a t  tlie s a l t  p a r t i c l e s ,  which make up t h e  aggrega te ,  
pack i n  very n e a r l y  t h e  Same manner t h a t  would be p r e d i c t e d  from a 
model based upon assuming s p h e r i c a l  p a r t i c l e s  of uniform s i z e .  Under 
t h e s e  c o n d i t i o n s ,  t h e  p a r t i c l e s  account f o r  approximately two- th i rds  
of the volume of the c a v i t y  they OCCUPY.  I f  i t  were p o s s i b l e  t o  e f -  
f e c t  f u r t h e r  compaction of t he  aggregate  over that  r e s u l t i n g  from the  
s i m p l e  nes t ing  of t ke  p a r t i c l e s ,  more of the aggregate  could be packed 
i n t o  the  mold c a v i t y ,  less  volune wo~:d be a v a i l a b l e  f o r  t he  i n f i l t r a t -  
i n g  molten metal  and, hence,  a lower d e n s i t y  c e l l u l a r  me ta l  s t r u c t u r e  
would r e s u l t .  
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A method f o r  c o n t r o l l i n g  the compaction of t he  g ranu la r  s a l t  ag- 
g rega te  w a s  t h e r e f o r e  sought.  One such method was found which proved 
t o  be p r a c t i c a l  and control.1abl.e. Using t h i s  method, a homogeneous 
mixture of s a l t  aggregate  and a measured q u a n t i t y  of melted wax was 
prepared. This mixture w a s  p r e c a s t  i n t o  a c y l i n d r i c a l  mold and allowed 
t o  s o l i d i f y .  The cast  c y l i n d e r  was then compacted under a p res su re  of 
40,000 p s i .  Under these  c o n d i t i o n s ,  t ha  wax-salt  mixture became f u l l y  
compacted, as shown i n  Figure 1. 

The compact w a s  then f i r e d  a t  a temperature  of 1250" F t o  ox id ize  
t h e  wax component of t h e  mixture .  The remaining s a l t  was i n  t h e  form 
of a s i n t e r e d  b r i q u e t t e ,  and i s  a l s o  shown i n  F igu re  1. Examination 
of t h i s  b r i q u e t t e  shows t h a t  the p a r t i c l e s  a r e  p r a c t i c a l l y  u n a l t e r e d  
i n  shape, except  t h a t  they are arranged i n  a more compact form and the  
o u t e r  p a r t i c l e s  conform t o  the  curvature  of t he  c y l i n d e r  w a l l .  There 
i s  no evidence of f r a c t u r i n g  of the s a l t  c r y s t a l s .  TCe volume of void 
space e x i s t i n g  between t h e  p a r t i c l e s  w a s  found t o  be equ iva len t  t o  the  
volume of wax introduced i n t o  the  o r i g i n a l  mixture .  This compacted 
b r i q u e t t e  may be compared wi th  t h e  appearance of t he  loose ly  packed 
and s i n t e r e d  b r i q u e t t e ,  a l s o  shown i n  Figure 1. 

The e x t e n t  of densLty c o n t r o l  p o s s i b l e  wi th  the  wax method i s  
shown i n  F igure  2 .  The p o i n t s  r e p r e s e n t  c e l l u l a r  aluminum prepared 
from 30 mesh s a l t  p lus  va r ious  amounts of wax. The s lope  of t he  l i n e  
drawn through the d a t a  p o i n t s  is such t h a t  an e x t r a p o l a t i o n  of t he  
l i n e  would cause i t  t o  i n t e r s e c t  the o r i g i n .  This  i s  f u r t h e r  evidence 
t h a t  t h e  apparent  d e n s i t y  of t he  c e l l u l a r  s t r u c t u r e  i s  - pro- 
p o r t i o n a l  t o  the  q u a n t i t y  of wax introduced i n t o  the  mixture.  

Comprzssion 'Testing 

I n  g e n e r a l ,  c e l l u l a r  aluminum a l l o y  s t r u c t u r e s  can be uniformly 
compressed as much a s  70 percent  of t h e  specimen length.  I n  t h e  case  
of d u c t i l e  coinpositions t h i s  type behavior  i s  c h a r a c t e r i s t i c  f o r  
columns having a length- to-diameter  r a t i o  (L/D) up t o  approximately 
2.5. With columns having a g r e a t e r  s l ende rness  r a t i o ,  a buckl ing t en -  
dency develops comparatively e a r l y  i n  t h e  test .  With s t r o n g e r  a l l o y s ,  
which are i n h e r e n t l y  l e s s  d u c t i l e ,  a tendency f o r  shea r  f a i l u r e  de- 
ve lops  e a r l y  i n  t h e  loading c y c l e .  This  was observed even when the  
L/D r a t i o  w a s  a s  sma l l  as 1.0. Premature f a i l u r e s  such as t h e s e  
l i m i t  t h e  deformation t h a t  can be r e a l i z e d  i n  the  m a t e r i a l  and, con- 
s e q u e n t l y ,  t h e  p o t e n t i a l  f o r  d i s s i p a t i o n  of energy is  s i m i l a r l y  
l i m i t e d .  I n  the case of t h e  higher s t r e n g t h  m a t e r i a l s ,  t he  seve re  
l i m i t a t i o n s  governing t h e i r  s l ende rness  r a t i o  would a l s o  l i m i t  t he  
s t r o k e  t h a t  could be t o l e r a t e d  i n  a r  energy d i s s i p a t i o n  device.  
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Figure 2 .  E f f e c t  of Wax-Aggregate R a t i o  on the  
Apparent Density of C e l l u l a r  7075 Alloy 

One of t h e  methods examined f o r  coping with t h e s e  problems w a s  t o  
machine c i r c u m f e r e n t i a l  grooves i n t o  the c y l i n d e r .  It w a s  thought t h a t  
uniform compression of the tes t  cy l inde r  would be favored by t h e s e  
grooves and, thereby,  would i n h i b i t  t h e  formation of s h e a r  planes.  
Cyl inders  machined w i t h  bo th  h e l i c a l  and c i r c u m f e r e n t i a l  grooves,  were 
t e s t e d .  It was found t h a t  t h e s e  grooves were of no b e n e f i t  f o r  i nh ib -  
i t i n g  t h e  shear planes i n  h i g h  s t r e n g t h  materials and a c t u a l l y  promoted 
columnar i n s t a b i l i t y  i n  t h e  lower s t r e n g t h  d u c t i l e  a l l o y s .  Figure 3 
shows two such tes t  pieces .  The d u c t i l e  a l l o y  (356, as c a s t )  shows 
the zol.;;;;r;ar i n s t s b i l i t y  22.: the high s t rPngth  al loy  (7075-T6) shows 
t h e  c h a r a c t e r i s t i c  s h e a r  f a i l u r e  always encountered wi th  longer  columns. 

A s  a r e s u l t  of this and other  s t u d i e s  of t he  problem, a reasonable  
s o l u t i o n  was evolved by p repa r ing  columns which were made up of a ser ies  
of d i s c  elements,  each having a n  L/D r a t i o  of 0.2 t o  0.5. 
i n  the columns were s e p a r a t e d  from each o t h e r  by s o l i d  0.025 inch  t h i c k  
2024-T4 s h e e t  material. 
adhes ive ly  bonding t h e  assembly. Figure 4 shows the component elements 
of th is  system and an  adhesively assembled s t a c k .  

The d i s c s  

These elements were assembled i n t o  s t a c k s  by 

I n  o rde r  t o  e v a l u a t e  t h i s  system, a number of assembled s t a c k s  of 
d i s c s  were t e s t e d .  The s e p a r a t o r  plates were prepared wi th  e i t h e r  a 
s i n g l e  3/16 i n c h  h o l e  a t  t h e  cen te r  o r  w i th  a s e r i k  of fou r  ho le s  
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F i g u r e  4 .  Component Elements and Adhesively Bonded 
C e l l u l a r  Metal C y l i n d r i c a l  Stack 
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r a d i a l l y  loca ted  around t h e  c e n t e r  ;~L:C. F t p r e  4 shows bo th  t h e  one- 
ho le  and the  f ive -ho le  p l a t e s .  
i n d e r s  was approximately 2 .  Two-inch diameter  c e l l u l a r  d i s c s  were em- 
p loyed,  us ing  d i s c  th i cknesses  of 112 and 3 /4  inch .  
the load deformation curves obta ined  i n  t e s t i n g  these  composite c y l i n d e r s .  
The compression samples a r e  a l s o  shown i n  t h i s  f i g u r e .  

- 
The L / D  r a t i o  of t hese  composite cy l -  

F igure  5 shows 

Although t h e r e  i s  some evidence of a tendency toward columnar i n -  
s t a b i l i t y ,  t h e  formation of c a t a s t r o p h i c  shea r  p1an.e~ w a s  e f f e c t i v e l y  
i n h i b i t e d .  L a t e r  i n  t h i s  r e p o r t  a d d i t i o n a l  d a t a  w i l l  be presented  on 
t h e  behavior  of the  s t acked-d i sc  assembly under compression t e s t i n g .  
It was t e n t a t i v e l y  decided from t h i s  se r ies  of tes ts  t h a t  f u t u r e  
s t acked-d i sc  assemblies  would employ component d i s c s  of 2 inches  d i -  
ameter by 314 inches  long,  and t h a t  t h e  one-hole s e p a r a t o r  p l a t e  would 
be  used.  Tests i n d i c a t e d  t h a t  t h e  f ive -ho le  p l a t e s  were n o t  necessary  
t o  key the  assembly during compressive loading .  

Q u a l i t y  Cont ro l  

Compression t e s t s  conducted w i t h  t h e  s t acked-d i sc  assemblies  o f t e n  
showed t h a t  one o r  more of t h e  d i s c s  i n  the  s t a c k  would be almost com- 
p l e t e l y  co l lapsed  be fo re  t h e r e  was much ev idence  of deformation i n  t h e  
companion d i s c s .  There were a number o f  p o s s i b l e  exp lana t ions  f o r  t h e  
v a r i a b i l i t y  i n  behavior  ~ t h e  p r inc  p a l  poss i l s l e  sources  f o r  t h i s  v a r i a -  
b i l i t y  being c a s t i n g  q u a l i t y ,  hea t  t rea tment  e z f e c t i v e n e s s ,  and m a t e r i a l  
d e n s i t y .  I '  

Every reas0na.bl.e e f f o r t  was i,iadc t o  s t a n d a r d i z e  procedure , bu t  i t  
was obvious t h a t  s u f f i c i e n t  d i f f e r e n c e s  i n  q u a l i t y  of t h e  material  ex- 
i s t e d  t o  lead t o  d i f f e r e n c e s  i n  m a t e r i a l  behavior  under compression. 
I n  o rde r  t o  avoid t h e  de lays  t h a t  might be  expected i n  t r y i n g  t o  t r a c k  
down and c o n t r o l  a l l  poss ib l e  causes  f o r  t h i s  v a r i a b i l i t y ,  i t  was de- 
c ided  t o  devise a t es t  f o r  p r e d i c t i n g  the  behavior  of t h e  mater ia l .  

Th i s  was accomplished by determining t h e  load t h a t  each d i s c  could 
support  a t  some sma l l  increment of deformat ion .  This  was done by p r e -  
t e s t i n g  the d i s c  and record ing  t h e  load a t  2 ,O percen t  permanent s e t .  
F igure  6 shows a t y p i c a l  da ta  c h a r t  recorded w i t h  a s e r i e s  of such  
tes ts .  The s e l e c t i o n  of d i s c s  was random from a g iven  l o t ,  and the  
d i s c  diameters  were e a s i l y  c o n t r o l l e d  t o  2 .062  5 0.003 inches .  The 
s l i c e s  were sawed t o  a nominal 3 / 4  inch t h i c k n e s s ,  p l u s  o r  minus 1 /64  
inch .  I n  order  t o  determine i f  any c o r r e l a t i o n  e x i s t e d  between t h e  
load measurement and t h e  d i s c  we igh t ,  t h e  d a t a  were p l o t t e d  a s  shown 
i n  F igure  7.  This  shows a w e l l  def ined  band of v a l u e s ,  c o r r e l a t i n g  
load w i t h  d i sc  weight and d e n s i t y .  
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It is t h e r e f o r e  apparent  t h a t  the pr i r .c ipa1 reason f o r  t h e  v a r i a -  
b i l i t y  i n  compressive behavior  i s  a s s o c i a t e d  wi th  the  d e n s i t y  v a r i a t i o n  
observed i n  the s tudy of t he  i n d i v i d u a l  d i s c s ,  By s e l e c t i v e  grouping 
of t h e  c e l l u l a r  d i s c s  or1 t h e  basis of d e m i t y  (Fee., compressive y i e l d  
s t r e n g t h ) ,  i t  i s  p o s s i b l e  t o  prepare columns where each of t he  com- 
ponent d i sc s  would deforin uniformly under compressive loading.  A more 
p r e c i s e  examination of the r e l a t i o n s h i p  between m a t e r i a l  d e n s i t y  and 
compressive y i e l d  s t r e n g t h  w i l l  be presented l a t e r  i n  t h i s  r e p o r t .  

Table I gives  the loads .  welghts ,  and d i s c  numbers f o r  a l o t  of 50 
d i s c s  employed f o r  one s e r i e s  of t es t s .  These r ep resen ted  a s t r u c t u r e  
prepared with a n  uncompacted 40 mesh aggregate  having a nominal d e n s i t y  
of 0.95 g l cc .  Table I1 p r e s e n t s  s i m i l a r  d a t a  on a group of d i s c s  pre-  
p a r e d  with a compacted aggregate  of the same c e l l  s i z e  having a nominal 
d e n s i t y  of 0.75 g l c c .  Both of t hese  Tables  a r e  presented i n  descending 
o rde r  of load r a t i n g .  The performance of t h e s e  d i s c s  i n  assembled 
s t a c k s  w i l l  be d i scussed  l r r ter  i n  t h i s  r e p o r t .  

Nonaxial Loading 

The design of an energy d i s s i p a t i o n  system us ing  a s t acked  d f s c  
column must take i n t o  account t he  p o s s i b i l i t y  t h a t  i t  may be loaded a t  
some angular displacement from a x i a l i t y ,  For  t h i s  r eason  a q u a l i t a t i v e  
eva lua t ion  was attempted i n  o rde r  t o  a s s e s s  the  consequences of such 
loading.  These specimens were loaded between the  compression p l a t e n s  of 
a 60,000-pound t e n s i i e  t e s t i n g  machine. The a x i a l  load displacement w a s  
e f f e c t e d  by f i x i n g  t o  the p l a t e n s  wedges whLct~ forriled a 1.0" angle  wi th  
the  su r face  of the p l a t e n s ,  The s u r f a c e s  of t h e s e  wedges were s e r r a t e d  
t o  prevent s l i ppage  of t he  specimen. !?owever, i t  was found t h a t  t h e  
l a r g e  h o r i z o n t a l  f o r c e  component caused t h e  t e s t i n g  machine screws t o  
bind and i t  was necessary t o  s c a l e  down the  s t a n d a r d  two-inch diameter  
specimens used f o r  t he  o t h e r  phases of t h i s  s t u d y < .  

A s e r i e s  of 1 .5  inch  diameter  s t acked  d i s c  assemblies  w i t h  L/D 
r a t i o s  ranging between 1 and 2 were p repa red ,  It w a s  found t h a t  t h e  
specimens with t h e  lower L /B  r a t i o s  accommodated t o  the  nonax ia l  load- 
i n g  and deformed i n  a manner s i m i l a r  t o  t hose  which were loaded ax- 
i a l l y ,  The longer Specimens, however, developed a s h e a r  plane e a r l y  
i n  t h e  t e s t ,  causing the  load t o  f a l l  o f f  p r e c i p i t o u s l y .  Figure 8 i s  
a photograph of t y p i c a l  specinens , showing the  observed behav io r .  The 
specimen with an L/D of 1.97 was removed f r o n  t h e  t e s t i n g  machine 
p l a t e n s  j u s t  be fo re  i t  would have s e p a r a t e d  i n t o  two segments. 
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RESULTS 

Tests wi th  Aluminum Sepa ra to r  P l a t e s  

The energy d i s s i p a t i o n  p o t e n t i a l  of the c e l l u l a r  s t r u c t u r e s  was 
determined f o r  t h e  two groups of  d i sc s  l i s t e d  i n  Tables  I and 11. I n  
o rde r  t o  eva lua te  t h e  e f f e c t  of d i s c  d e n s i t y ,  s e l e c t e d  groups of  f i v e  
d i s c s  each were assembled i n t o  t e s t  c y l i n d e r s .  The groupings r e p r e s e n t  
t h e  h ighes t  load-bear ing  materi.51 and t h e  lowest load-bear ing  material  
i n  each  of t h e  two l o t s  of m a t e r i a l .  I n  a d d i t i o n ,  groups r e p r e s e n t i n g  
t h e  middle va lues  were assembled and s i m i l a r l y  t e s t e d .  r 

Figure 9 shows t h e  load deformation record obta ined  f o r  t h e  h i g h e r  
s t r e n g t h  group taken  from the  0.95 g /cc  d e n s i t y  material. 
of t h e  t e s t  c y l i n d e r  were taken  a t  a s e r i e s  of compression increments  
and a r e  shown wi th  the  t e s t  record .  F igure  10 shows a s imilar  t e s t  
record obtained wi th  t h e  group of d i s c s  r e p r e s e n t i n g  t h e  lower d e n s i t y  
l o t  (0.75 g / c c ) .  
l o t  * 

w a s  c a l c u l a t e d  and the  da ta  have been p l o t t e d  i n  F igure  11. Each p o i n t  
on t h e  curve r ep resen t s  t h e  cumulative energy d i s s i p a t i o n  r e s u l t i n g  
from t h e  c y l i n d e r  deformation a t  t h a t  p o i n t .  The curves  show t h a t  t h e  
load-bearing r a t i n g ,  as  determined by t h e  compressive-yield s t r e n g t h ,  
c o r r e l a t e s  w e l l  w i t h  t h e  energy d i s s i p a t i o n  c h a r e c t e r i s t i c s  of t h e  
s t acked  d i s c  cy l inde r s  .. 

Photographs 

T k s e  samples  a l s o  r e p r e s e n t  t h e  h igh  group from t h i s  

The s p e c i f i c  energy d i s s i p a t i o n  ( f t - l b l i b )  of these tests groups 

I n  order  t o  show more c l e a r l y  the  e f f e c t  of the  compressive-yield 
s t r e n g t h  of t he  component d i s c s  on t h e  energy d i s s i p a t i o n  c h a r a c t e r i s -  
t i c s ,  t h e  s p e c i f i c  cn?rgy va lues  a t  50 and 7 0  percen t  deformation are 
p l o t t e d  i n  F igure  12  a s  a f u n c t i o n  of t h e  average y i e l d  s t r e n g t h  of 
t h e  d i s c s  which make up the  s t a c k .  The p o i n t s  a r e  r e p r e s e n t a t i v e  of 
two nominal d e n s i t y  groups end t h r e e  d e n s i t y  l e v e l s  s e l e c t e d  from each  
group. These d a t a  show t h a t  s p e c i f i c  energy d i s s i p a t i o n  c o r r e l a t e s  
d i r e c t l y  with compressive-yield s t r e n g t h .  
y i e l d  s t r e n g t h  of the  component d i s c s  can a l s o  be  c o r r e l a t e d  d i r e c t l y  
wi th  t h e  apparent  d e n s i t y  of t h e  material .  F igure  13 shows a p l o t  of 
compressive-yield s t r e n g t h  as a f f e c t e d  by t h e  appasent  d e n s i t y  of t he  
c e l l u l a r  m a t e r i a l ”  

The measured compressive- 

T e s t s  wi th  S t e e l  S e p a r a t o r  P l a t e s  

I n  order  t o  eva lua te  t h e  e f f e c t  of t h e  s e p a r a t o r  m a t e r i a l  on the  
energy d i s s i p a t i o n  c h a r a c t e r i s t i c s ,  two s t a c k s  of c y l i n d e r  were assem- 
b l e d  us ing  0.002 inch  t h i c k  s t e e l  f o i l  s e p a r a t o r s .  The component d i s c s  

16  
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were r e p r e s e n t a t i v e  of t he  middle y i e l d  s t r e n g t h  group from each of 
t h e  two l o t s  of d i s c s  l i s t e d  i n  Tables I and 11. 

Figure 14 shows the load deformation c h a r t  record obtained w i t h  
t h e s e  t e s t s .  The t h i n  s t e e l  s e p a r a t o r  does no t  provide t h e  support  ob- 
t a i n e d  w i t h  the  heav ie r  aluminum szpara. tors .  A s  a r e s u l t ,  t h e r e  i s  a 
tendency f o r  t he  component d i s c s  t o  break up, r a t h e r  t h a n  deform a s  
was t h e  case  wi th  t h e  aluminum s e p a r a t o r s .  

These s t e e l  d i s c  s e p a r a t o r s ,  however, do s e r v e  t o  i n h i b i t  t he  
c a t a s t r o p h i c  s h e a r  f a i l u r e  observed wi th  the  continuous c e l l u l a r  c o l -  
umns. The t e s t  record shows t h a t  t h e  load bui ld-up i s  a l s o  i n h i b i t e d  
f o r  deformations up t o  70 pe rcen t .  The break-up of the s t r u c t u r e ,  of 
cour se ,  r e s u l t s  i n  l e s s  e f f i c i e n t  u t i l i z a t i o n  of t he  m a t e r i a i .  As a 
consequence, t h e  energy d i s s i p a t i o n  r e s u l t i n g  from t h e s e  compression 
tests is  s u b s t a n t i a l l y  lower than when aluminum s e p a r a t o r s  were used. 
The s p e c i f i c  energy d i s s i p a t i o n  a t  50 and 70 pe rcen t  deformation f o r  :* 

b o t h  the  t h i n  s t e e l  s e p e r a t o r  and the aluminum d i s c  s e p a r a t o r  columns 
fol lows 0 

S p e c i f i c  Energy ( f t - i b / l b )  
Deformation 0.75 g/Tc S t r u c t u r e  0.95 g/cc S t r u c t u r e  

(%) S t e e l  Aluminum S t e e l  Aluminum 

50 
70 

5,200 7,000 6 , 900 11,500 
7,300 18,500 9,000 23,500 

DISCUSSIQN 

Energy D i s s i p a t i o n  

One of t h e  o b j e c t i v e s  of t h i s  s tudy of the deformation charac- 
t e r i s t i c s  of c e l l u l a r  metals  was t o  develop a s t r u c t u r e  t h a t  would 
tend t o  absorb energy a t  a r e l a t i v e l y  c o r s t a n t  load l e v e l .  A p a r a l l e l  
o b j e c t i v e  was t h a t  t h e  s p e c i f i c  energy d i s s i p a t i o n  be high i n  r e l a t i o n  
t o  t h a t  of o t h e r  materials being considered f o r  t h i s  purpose. 

On t h e  b a s i s  of t h e s e  t e s t s ,  it must be concluded t h a t  t hese  ob- 
j e c t i v e s  a r e  fundametnally c o n t r a d i c t o r y  f o r  t he  c e l l u l a r  m a t e r i a l .  
I f  deformation of t h e  s t r u c t u r e  proceeds with maximum involvement of 
t h e  m a t e r i a l  i n  t he  s t r u c t u r e  (as  w i th  the aluminum s e p a r a t o r s ) ,  t h e  
r e s u l t i n g  compaction r a i s e s  the load-bearing c a p a c i t y  of t h e  s t r u c t u r e .  
Hence, the load tends t o  r i s e  as  deformation proceeds.  Under cond i t ions  
where the m a t e r i a l  involvement i s  l e s s  e f f i c i e n t  and a cons ide rab le  a- 
mount of f ragmentat ion occurs  (as  w i th  t h e  t h i n  s t e e l  s e p a r a t o r s ) ,  the" 
tendency f o r  t he  load t o  inc rease  diminishes .  
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Q u a l i t y  Control  

A c o r r e l a t i o n  e x i s t s  between y i e l d  s t r e n g t h  of t h e  c e l l u l a r  s t r u c -  
t u r e  and t h e  energy d i s s i p a t i o n  r e s u l t i n g  from compression of t he  s t r u c -  
t u r e .  Since t h e r e  i s  a l s o  a c o r r e l a t i o n  between y i e l d  s t r e n g t h  and den- 
s i t y ,  i t  makes p o s s i b l e  the employment of the d e n s i t y  parameter as a 
measure of t h e  energy d i s s i p a t i o n  p o t e n t i a l  of t h e  m a t e r i a l .  The co r re -  
l a t i o n  of d e n s i t y  wi th  y i e l d  s t r e n g t h  of t he  material sugges t s  a method 
f o r  q u a l i t y  assurance c o n t r o l  of m a t e r i a l s  of t h i s  type.  

Under product ion c o n d i t i o n s ,  i t  should be d e s i r a b l e  t o  c o n t r o l  t h e  
d i s c  dimensions t o  very c lose  l i m i t s .  Th i s  s i m p l i f i e s  t h e  100 pe rcen t  
i n s p e c t i o n  necessa ry ,  s i n c e  a simple weighing would be e q u i v a l e n t  t o  a 
d e n s i t y  determinat ion.  A s  a second check, compression t e s t i n g  of a n  
a p p r o p r i a t e  sample s i z e  could v e r i f y  t h e  q u a l i t y  l e v e l  of the d i s c  ma- 
t e r i a l .  Appendix A i s  a recommended procedure f o r  p r e p a r a t i o n  of t h e  
c e l l u l a r  s t r u c t u r e s  and t h e i r  q u a l i t y  c o n t r o l .  T h i s  could a s s i s t  i n  
the  e f f i c i e n t  manufacture of energy d i s s i p s t i o n  elements.  

C e l l u l a r  M a t e r i a l  Dens2t.y 

The wax-aggregate compaction method f o r  c o n t r o l  of t he  apparent  
d e n s i t y  of c e l l u l a r  s t r u c t u r e s  i s  an e f f e c t i v e  and p r a c t i c a l  one. The 
observed t r e n d  toward lower s p e c i f i c  energy v a l u e s ,  however, w a s  con- 
t r a r y  t o  the  primary o b j e c t i v e s  which were s e t  f o r  t hese  materials.  
For this  r eason ,  only a l i m i t e d  e f f o r t  w a s  expended toward development 
df t h e  compacted aggregate  s t r u c t u r e s .  
f o r  lower d e n s i t y  s t r u c t u r e s  may develop i n  the  f u t u r e  and, t h e r e f o r e ,  
some d i s c u s s i o n  of t he  na tu re  of t h e s e  s t r u c t u r e s  would be i n  o rde r .  

It i s  p o s s i b l e  t h a t  requirements 

I The method employed f o r  compaction of t he  s t r u c t u r e  r e s u l t s  i n  
’ f l a t t e n i n g  of t he  otherwise equiaxed c e l l s .  The s t r u c t u r e s  which 

were eva lua ted ,  however, r ep resen t  only a modest depa r tu re  from those 
produced by loose packing, and the change i n  c e l l  geometry i s  minor. 
Experience obtained during this  s tudy  i n d i c a t e d  t h a t  t h e  lower apparent  
d e n s i t y  m a t e r i a l  lacked promise f o r  a t t a inmen t  of high s p e c i f i c  energy 
d i s s i p a t i o n .  Seve ra l  samples which were prepared and t e s t e d  a t  d e n s i t y  
levels i n  the  0.3 t o  0.4 g /cc  range showed r e l a t i v e l y  low s p e c i f i c  en- 
e r g y  va lues  a t  70 percent  deformation. This  sugges t s  t h a t  any r e q u i r e -  
ment f o r  lower d e n s i t y  c e l l u l a r  aluminum s t r u c t u r e s  could only be satis-  
f i e d  a t  some s u b s t a n t i a l  compromise i n  spec i f i . c  energy d i s s i p a t i o n  
c a p a c i t y .  
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Design of Energy D i s s i p a t i o n  Devices 

Energy d i s s i p a t i o n  devices  which employ compressible m a t e r i a l s ,  
such as c e l l u l a r  aluminum, can be designed i n  two g e n e r a l  ways. I n  one, 
an  unconfined column i s  crushed. Th i s  leads t o  c o n s i d e r a t i o n  of buck- 
l i n g  and s h e a r  as f a i l u r e  mechanisms, l i m i t i n g  the  choice of column 
geometry (L/D r a t i o ) .  It a l s o  focuses  a t t e n t i o n  on c e l l u l a r  s t r u c t u r e s  
and m a t e r i a l  p r o p e r t i e s  which minimize buckl ing and s h e a r .  This  r e p o r t  
i s  almost wholly concerned wi th  the  i n t e r a c t i o n  of t h i s  design concept 
w i th  m a t e r i a l  parameters.  

However, t h e r e  i s  an  e q u a l l y  v a l i d  a l t e r n a t e  design concept.  I n  
t h i s  second type of dev ice ,  t h e  c e l l u l a r  m a t e r i a l  could a l s o  be crushed,  
b u t  i n  a s t a t e  of confinement. By t h i s  means , shea r  and buckl ing can be 
e l imina ted  as matters of i n t e r e s t ,  and m a t e r i a l  parameters can be o p t i -  
mized purely on crushing c h a r a c t e r i s t i c s .  

The design p o s s i b i l i t i e s  a s s o c i a t e d  wi th  t h i s  second concept a r e  
broad,  but t he  scope of the i n v e s t i g a t i o n  d id  no t  permit c o n s i d e r a t i o n  
of t h e s e  m a t t e r s .  One design p o s s i b i l i t y ,  however, i s  suggested a s  an 
i l l u s t r a t i o n  of how material behavior  can be r e l a t e d  t o  t h e  design of a 
device intended t o  make use of i t s  s p e c i a l  c h a r a c t e r i s t i c s .  Th i s  des ign  
concept is r e l a t e d  t o  t h e  compressive deformation of c e l l u l a r  aluminum 
i n  a s t a t e  of confinement. The employment of t he  device r e s u l t s  i n  the  
at ta inment  of the " idea l "  load deformation behavior  which was u n a t t a i n a b l e  
w i t h  crushing of unconfined columns. Th i s  des ign  p o s s i b i l i t y  i s  demon- 
s t r a t e d  and discussed i n  Appendix B of t h i s  r e p o r t .  

CONCLUSIONS 

On the b a s i s  of t h e  ear l ie r  work and t h i s  c o n t i n u a t i o n  of t he  s t u d y  
of compressive behavior  of c e l l u l a r  aluminum a l l o y s ,  i t  may be concluded 
t h a t  

1. High s p e c i f i c  energy d i s s i p a t i o n  c h a r a c t e r i s t i c s  a r e  a s s o c i a t e d  
wi th  (a) high compressive y i e l d  s t r e n g t h ;  and (b) h igh  apparent  d e n s i t y .  

2.  The p r i n c i p a l  mode of c a t a s t r o p h i c  f a i l u r e  a s s o c i a t e d  wi th  com- 
p r e s s i o n  of d u c t i l e  c e l l u l a r  aluminum c y l i n d e r s  i s  columnar i n s t a b i l i t y  
and appears which the  l e n g t h  t o  diameter  r a t i o  (L/D) i s  g r e a t e r  t han  2.0. 

3 .  The p r i n c i p a l  mode of  c a t a s t r o p h i c  f a i l u r e  a s s o c i a t e d  wi th  com- 
p r e s s i o n  of b r i t t l e  c e l l u l a r  aluminum c y l i n d e r s  i s  t h e  development of 
s h e a r  planes a t  r e l a t i v e l y  l o w  deformation.  
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4. Catas t roph ic  f a i l u r e  of b r i t t l e  c e l l u l a r  aluminum m a t e r i a l  can 
be i n h i b i t e d  by (a) l o w  L/D r a t i o  (0.2 t o  0.5) and (b) s t acked-d i sc  con- 
s t r u c  t ion.  . 

5. Stacked-disc  cons t ruc t ion  of b r i t t l e  c e l l u l a r  aluminum material 
permits L/D r a t i o s  up t o  2.0. 

6 .  Catas t roph ic  f a i l u r e  (columnar i n s t a b i l i t y  o r  shea r )  of c e l l u l a r  
aluminum can be prevented by confinement of t h e  material during compres- 
s i o n .  

7. Stacked-disc  cons t ruc t ion  i s  i n e f f e c t i v e  i n  i n h i b i t i n g  shea r  
f a i l u r e  under c o n d i t i o n s  of nonaxial  loading. 
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APPENDIX A 

RECOMMENDED PROCEDURES FOR PREPARATION OF 
ALUMINUM CELLULAR STRUCTURES FOR ENERGY DISSIPATION APPLICATIONS 

I. Mate r i a l s  

1. Molds (gypsum-bonded investment  material)  . 
2. Flasks  ( s t a i n l e s s  s t e e l  tub ing ) .  

3 .  P a t t e r n s  

a. Wax ( l o s t  wax method) 

b .  Metal ( p l a s t e r  mold method). 

4 .  Aggregate ( s a l t  c r y s t a l s ,  99.95% N a C 1 ) .  

5. Alloys 

. a. 7075-T6 (h igh  s t r e n g t h )  

. b. A1-7% Mg (high d u c t i l i t y ) .  

11. Molding 

1. Expendable p a t t e r n  method ( l o s t  wax). 

2. Premanent p a t t e r n  method ( p l a s t e r  mold). 

111. Mold P r e p a r a t i o n  and F i l l i n g  

1. Expendable p a t t e r n  

a.  Autoclaving f o r  wax removal a t  20 p s i  steam p r e s s u r e  

b. Dry a t  400" F ( 4  t o  16 hours)  

c .  Cool t o  room tempera ture  and f i l l  w i t h  aggrega te  (use 
v i b r a t i o n  t o  in su re  maximum packing of aggrega te)  . 

2 .  Permanent p a t t e r n  

Draw p a t t e r n  and prepare  and fill  mold; t h e n  proceed as i n  
III.,l .b and 111.1 .c . 
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, "  

? IV. Sintering of Aggregate 

Heat mold to 1250" F (12 to 16 hours). 

V. Casting (Infiltration) and Solidification 

1. Cast at 1400" F melting temperature, using 20 to 60 psi pres- 
sure, depending on mesh size of aggregate. 

2. Solidify under pressure with water cooling, as shown in 
Figure A-1. 

Neg : 36.23 1 .S1171/ORD. 64 

AIR PRESSURE 

RISER METAL 

STEEL 
CYLINDERS 

AGGREGATE 

LOWER i 
'VENT 

UPPER PLATEN k ASBESTOS GASKETS 

\ 

Y 
PLASTER LINERS 

\ 
ASBESTOS GASKETS 

I 
COOLANT (WATER 1 

\ 
WATER JACKET 

Figure A-1, Schematic illustration of Method for Infiltration of 
Soluble Aggregate and Solidification of Cellular 
Metal Castings 
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V I  . Machining. 

Use slow speed, sha rp  t o o l s ,  and moderately heavy c u t s  (unleached 
material) . 
VII. Heat Treatment 

1. S o l u t i o n - t r e a t  component u n i t s  of c e l l u l a r  metal p r i o r  t o  
l each ing ,  i n  accordance wi th  time and temperature recommended f o r  t h e  
a l l o y s .  

2 .  Quench and age t o  d e s i r e d  t emper ,  

VI11 . Leaching 

1. S e t  up l each ing  ope ra t ion ,  as shown i n  F igu re  A-2. 

Neg . 36.23 1 .S 1665/0RD. 65 

lr 
WATER- II 

INLET 7 

f r t t  
LOW AMP LlTU DE 

VI BRATION 

LIQUID 
LEVEL 

c- 

WATER 

OUTLET 

I- 
/ - 

Flow rate: 1 / 2  change/hour. 

Figure A-2; Schematic i l l u s t r a t i o n  of Leaching Tank Set-up 
showing Flow of S a l t - l a d e n  Liquor  
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2 .  Use nonmetal l ic  tank.  

3 .  Support m a t e r i a l  s o  t h a t  i t  does not r e s t  on bottom of tank.  

4 .  Use l o w  amplitude v i b r a t i o n  t o  dis lodge gas bubbles accumu- 
l a t i n g  i n  t h e  s t r u c t u r e .  

5. Replenish l i q u i d  a t  r a t e  of one-half  l i q u i d  volume change 
per  hour. 

6 .  Check s p e c i f i c  g r a v i t y  of e f f l u e n t  l i q u o r  t o  determine com- 
p l e t i o n  of l each ing  process .  

7.  Check s p e c i f i c  g r a v i t y  of l i q u i d  d ra ined  from c e l l u l a r  s t r u c -  
t u r e  t o  determine i f  complete removal of s a l t  has been accomplished. 

I X .  Drying 

Remove l i q u i d  (contained i n  t h e  s t r u c t u r e )  w i th  c e n t r i f u g e ,  and 
complete drying a t  ambient temperatures.  Incompletely leached m a t e r i a l  
can be de tec t ed  by sa l t  i n c r u s t a t i o n  on the  s u r f a c e  of t he  material .  

X. Q u a l i t y  Control  

The mechanical p r o p e r t i e s  of c e l l u l a r  m a t e r i a l  can be c o r r e l a t e d  
w i t h  the  apparent  d e n s i t y  of t h e  m a t e r i a l .  A s  a r e s u l t  of t h i s  c o r r e l a -  
t i o n ,  weight l i m i t s  can be e s t a b l i s h e d  f o r  i d e n t i c a l  components, and the  
i n d i v i d u a l  component weights can be a b a s i s  f o r  s e l e c t i o n  o r  r e j e c t i o n .  
Data contained i n  t h e  body of t h i s  r e p o r t  demonstrate t h e  v a l i d i t y  of 
employing apparent  d e n s i t y  of the material  as a q u a l i t y  c r i t e r i o n .  
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PROPOSED DESIGN FOR LINEAR LOAD ENERGY DISSIPATION DEVICE 

I n t r o d u c t i o n  

The requirement f o r  energy d i s s i p a t i o n  a t  cons t an t  load has been 
d i f f i c u l t  t o  r e a l i z e  by compression of an unconfined column of the 
c e l l u l a r  aluminum. I n  a t t empt ing  t o  devise  a method whereby energy 
d i s s i p a t i o n  could be e f f e c t e d  without  t he  load bui ld-up r e s u l t i n g  
from continued compaction of the compressible m a t e r i a l ,  some consid- 
e r a t i o n  was g iven  t o  t h e  p r i n c i p l e  of the f r a n g i b l e  tube device de-  
veloped by NASA a t  Langley Field.* 

By s u b s t i t u t i n g  a supported c e l l u l a r  metal  l i n e r  i n s t e a d  of t h e  
f r a n g i b l e  tube and e f f e c t i n g  c o n t r o l l e d  deformation of t h e  l i n e r  by 
f o r c i n g  a t ape red  mandrel through i t ,  the l i n e a r  load c h a r a c t e r i s t i c s  
of  t he  e a r l i e r  device could be r e t a i n e d .  An advantage fo re seen  f o r  
the l ined tube i s  t h a t  t he  s t r u c t u r a l  i n t e g r i t y  of t he  device i s  
maintained and, i n  f a c t ,  even the  s t r u c t u r a l  c o n t r i b u t i o n  of the 
l i n e r  i t s e l f  i s  enhanced during t h e  process  of energy d i s s i p a t i o n .  

Design of Device 

Figure B - 1  i s  a schematic i l l u s t r a t i o n  of t h e  c o n s t a n t  load 
energy d i s s i p a t i o n  device.  A hollow c e l l u l a r  c y l i n d e r  i s  f i t t e d  t o  
a suppor t ing  t u b e ,  Energy d i s s i p a t i o n  i s  ob ta ined  by f o r c i n g  t h e  
t ape red  mandrel through t h e  hollow c e l l u l a r  c y l i n d e r .  The reduc- 
t i o n  of c r o s s - s e c t i o n a l  a r e a s  i s  c o n t r o l l e d  by the  dimensions of 
t he  component p a r t s  of t he  system. The a c t u a l  load necessary t o  
d r i v e  the  mandrel through the  c y l i n d e r  i s  a f f e c t e d  by t h e  r e d u c t i o n  
of cy l inde r  a r e a  and the  compressive p r o p e r t i e s  of t h e  c y l i n d e r  ma- 
t e r i a l .  Once t h e  major diameter of the mandrel has  e n t e r e d  t h e  cel-  
l u l a r  c y l i n d e r ,  f u r t h e r  i n c r e a s e  i n  load i s  no longer  p o s s i b l e  and 
t h e  energy r equ i r ed  t o  d r i v e  t h e  mandrel t h e  remainder of t h e  way 
through the c y l i n d e r  i s  a l i n e a r  f u n c t i o n  of t h e  mandrel t r a v e l .  

Tes t ing  of Device 

T e s t s  were conducted on 2-inch diameter  c y l i n d e r s  having cen- 
t r a l  ho le s  of varying diameters ,  b u t  no a t t e m p t  w a s  made t o  develop 
design data .  A number of c e l l u l a r  c y l i n d e r s  were a v a i l a b l e  from 
some of the e a r l i e r  work, and these  were t e s t e d  a t  two l e v e l s  of 
c r o s s - s e c t i o n a l  a r e a  r educ t ion .  

*J. R. McGehee, "A P re l imina ry  Experimental  I n v e s t i g a t i o n  of a n  
Energy Absorption Process  Employing F r a n g i b l e  Metal Tubing , ' I  Langley 
Research Center Technical  Note D - 1 4 7 7 ,  Oct 1962.  
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Figure B - 1  shows s e c t i o n s  of t hese  deformed c e l l u l a r  c y l i n d e r s  and 
g i v e s  the  p e r t i n e n t  d a t a  r e l a t i n g  t o  t h e  tests.  
n o t  d r iven  completely through the  c y l i n d e r ,  energy d i s s i p a t i o n  i s  cal-  
c u l a t e d  on the b a s i s  of weight of c e l l u l a r  material  per  u n i t  l e n g t h  and 
t h e  load needed t o  d r ive  t h e  mandrel through t h e  c y l i n d e r .  The weights 
of t he  support ing tube and t h e  t ape red  mandrel a r e  not included.  

Since the  mandrel i s  
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Figure B-2 is  a t y p i c a l  load-deformation record ob ta ined  wi th  t h i s  
device.  It is necessary t h a t  a l u b r i c a n t  be a p p l i e d  t o  the  mandrel and 
t o  t h e  i n s i d e  s u r f a c e  of t he  c y l i n d e r .  Fine g r a p h i t e  i n  a kerosene 
v e h i c l e  was appl ied f o r  t h i s  purpose. 
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MANDREL TRAVEL (FT.1 

C e l l u l a r  s t r u c t u r e :  12 Mesh, 7075-T6 Tube length:  4.5 inches 
Deformation: 29% ( r educ t ion  i n  a rea )  Tube weight: 209 g 

Figure B-2. Load-deformation Record of L i n e a r  
Energy D i s s i p a t i o n  Device 
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